The investigations reported in this paper proceeded on the hypothesis that maintenance of the structural integrity of the human erythrocyte is dependent on continued production and utilization of energy by the cell. In an attempt to test this hypothesis the susceptibility of fresh human erythrocytes to osmotic lysis was studied in terms of the influence of various compounds that might serve as substrates for energy yielding reactions within the erythrocyte. Particular attention was paid to glucose (3) and purine nucleosides (4, 7) which have been shown to prolong the viability of stored erythrocytes and to retard their progressive lysis and diminished resistance to hypotonic solutions. It may be noted, however, that the effectiveness of the purine nucleosides in the preservation of erythrocytes has recently been questioned (8 The concentrations of nucleosides were determined spectrophotometrically (9).
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MATERIALS AND METHODS
Blood freshly drawn from normal adults was defibrinated and the erythrocytes were washed three times with about three volumes of isotonic sodium phosphate buffer (pH 7.3 to 7.4). Each washing was carried out with centrifugation in a Servall Refrigerated Angle Centrifuge for 10 minutes at 1,600 G and at 40 C. (SS-1 rotor). The phosphate buffer was prepared to contain 3.76 grams NaHPO, HO and 11.62 Most of the purines, nucleosides and related compounds were obtained commercially. The purity of the purines and purine-containing compounds was determined by ultra-violet spectrophotometry and paper chromatography in suitable solvent systems. The 2,6-diaminopurine riboside (2,6-diamino-9-p-D-ribofuranosyl purine) and the adenine glucoside (9-f8-D-glucopyranosyl adenine) were prepared by the method previously described (10) . Samples of purine riboside (9- The results of a typical experiment are presented graphically in Figure 1 . Xanthosine, inosine and adenosine increased the resistance of erythrocytes to osmotic lysis, whereas deoxyinosine had no effect. A minimal degree of protection resulted from incubation with ribose-5-phosphate and glucose.
The deoxyribosides, ribose-5-phosphate, and glucose are discussed below.
The protective effect was maximal at concentrations of 6 and 10 micromoles of adenosine per milliliter of incubation suspension (Table II) and at about 8 micromoles of inosine per milliliter of incubation suspension (Table III) . Because of the limited solubility of the other nucleosides, studies of their optimal concentration were not performed. Neither adenosine nor inosine had a significant effect on susceptibility to osmotic lysis when the two hour incubation was conducted at 40 C. The (Table IV) .
The protective effect of adenosine or inosine was apparent after one hour of incubation with these after longer periods of incubation (two to four hours) (Figure 2 ). In all studies in which osmotic resistance was enhanced there were considerable uptake and metabolism of the ribose moiety of the purine ribosides. Of the ribose metabolized, a major portion could be accounted for by increased lactate production. The details of these investigations are reported elsewhere (12) .
When isotonic sodium chloride solution was substituted for the isotonic sodium phosphate buffer, incubation with adenosine, deoxyadenosine, guanosine, or 2,6-diaminopurine riboside at concentrations of two micromoles per milliliter increased resistance to osmotic lysis in hypotonic sodium (Table V) . However, except for guanosine, the compounds that exerted a protective effect in the sodium chloride system raised the postincubation pH to 7.8, an alteration that could not be reversed completely by washing the erythrocytes with isotonic sodium chloride. When adenosine, deoxyadenosine, or 2,6-diaminopurine riboside was employed at a concentration of 10 micromoles per milliliter, the elevation of the pH was even more striking and attained values of 8 adenosine, deoxyadenosine and 2,6-diaminopurine reason for the effectiveness of guanosine in this riboside in the sodium chloride medium might be system without added phosphate is obscure. the result of the change in pH alone. Inosine, inIn order to investigate the mechanism by which effective in the sodium chloride medium whose the purine nucleosides exert their effects on the pH it did not alter, became effective on the addi-susceptibility of human erythrocytes to osmotic tion of as little as 18 micromoles of inorganic phos-stress, many related compounds were studied. phate per milliliter of incubation suspension When the nucleotides listed in Table VII (adeno-(Table VI) . These latter observations are com-sine monophosphates, adenosine diphosphate, patible with the finding that erythrocyte nucleoside adenosine triphosphate, inosine-5'-phosphate) phosphorylase requires phosphate or arsenate for were employed, there was no enhanced protecits action (13, 14) . tion against osmotic lysis. When the purine porThe effect of guanosine in enhancing osmotic tion of the effective compounds was replaced by resistance of erythrocytes in a sodium chloride another group, the protective effect was lost. The medium without added phosphate is not readily pyrimidine ribosides (cytidine, uridine) and benziexplained. Incubation with guanosine did not midazole riboside (1-,8-D-ribofuranosyl benziraise the pH above that of the control. Since phos-midazole) were ineffective. A change in the sugar phate or arsenate is required for activity of the moiety also resulted in loss of the protective eferythrocyte nucleoside phosphorylase (13) , the fect. Incubation with purine or pyrimidine deoxy- Figure  3 it is apparent that a mixture of six micromoles per milliliter of 2,6-diaminopurine with six micromoles of ribose-5-phosphate did not produce the protective effect afforded by an equivalent amount of 2,6-diaminopurine riboside. Ribose-5-phosphate, rather than ribose-l-phosphate, was used because of the extreme lability of the latter and because the presence of phosphoribomutase in the human erythrocyte is inferred (15, 16) . Mixtures of adenine or hypoxanthine and ribose-5-phosphate, even when the pentose phosphate was present in a concentration eleven to twenty-two times that of the purine, were also ineffective. Incubation of fresh human erythrocytes with a purine and ribose-5-phosphate resulted in no greater protective effect than the slight effect observed with ribose-5-phosphate alone. The effect of a purine riboside plus ribose-5-phosphate plus a purine was no greater than that of a purine riboside plus ribose-5-phosphate alone. These findings indicate that there was little or no formation of nucleosides from added purine plus ribose-5-phosphate in the system used in these experiments.
With ribose-5-phosphate at concentrations ranging from 9 to 90 micromoles per milliliter of incubation suspension slight but increasing protective effects were noted. But even at 90 micromoles per milliliter, the protective effect of ribose-5-phosphate was considerably smaller than that observed with 10 micromoles of an effective purine riboside (Table VIII) . This limited effect may reflect the relative impermeability of the erythrocyte to the phosphorylated pentose. Ribose-S-phosphate has been shown to be as effective as adenosine in generating organic phosphate esters in hemolysates (17) , but it is ineffective in intact erythrocytes (18) .
The effects of various intermediates of carbohydrate metabolism were studied. Glucose provided a moderate degree of protection against osmotic lysis. This effect was independent of the concentration in a range of 5 to 100 micromoles per milliliter, perhaps as a result of the limited ability of the erythrocyte to utilize this sugar in vitro (Table IX) . A disaccharide (sucrose), other hexoses (fructose, galactose, glucono-lactone), pentoses (ribose, deoxyribose), glycolic acid, sodium pyruvate, and sodium lactate were unable to enhance resistance to osmotic stress in the concentrations employed (Table VII) . The phosphorylated intermediates of carbohydrate metabolism listed in Table VII were also ineffective, probably as a result of impermeability of the erythrocyte to phosphorylated sugars. Although the mature mammalian erythrocyte does not possess an intact tricarboxylic acid cycle, several of the enzymes of this cycle are known to be present (19) . However, compounds of the cycle (citric, fumaric, malic, oxaloacetic and succinic acids) were unable to increase osmotic resistance.
A number of metabolites or agents unrelated in structure to purine ribosides were also studied. Several amino acids (aspartic acid, cysteine, glutamic acid, glycine, methionine), nicotinamide, glutathione, delta-aminolevulinic acid, sodium acetate and sodium chloride did not enhance resistance to osmotic lysis. Phenergan@, reported by Schales to inhibit the progressive increase in osmotic fragility observed in whole blood stored with acid citrate-dextrose solution (20) erythrocytes (4, (21) (22) (23) (24) demonstrate that purine ribosides are an effective vehicle for introduction of ribose phosphate into the human erythrocyte. In correlative studies (12) it was shown that the ribose phosphate which is taken up by the erythrocyte can be accounted for to a considerable extent by an increased production of lactic acid. The reaction sequence for adenosine involves an initial deamination to inosine by an adenosine deamiinase present in the erythrocytes of man and other species (23, 25) . Phosphorolytic cleavage of the resulting inosine by nucleoside phosphorylase yields hypoxanthine and ribose-l-phosphate. Ribose-l-phosphate probably enters the hexose monophosphate shunt via conversion to ribose-5-phosphate by phosphoribomutase whose presence in human erythrocytes is strongly inferred (15, 16) . The ribose-5-phosphate can then be metabolized via the hexose monophosphate shunt and the Embden-Meyerhof pathway to lactic acid.
The nucleoside phosphorylase of the erythrocyte appears to be specific for inosine or guanosine (13) . The requirement of this enzyme for inorganic phosphate would explain the lack of increased resistance to osmotic lysis when erythrocytes were incubated with inosine in isotonic sodium chloride solution and the appearance of enhanced resistance when inorganic phosphate was added to the medium. The reactions involved in the utilization of xanthosine or 2,6-diaminopurine riboside are not yet known but probably entail amination and deamination, respectively.
The mechanism for transfer of ribose phosphate into the erythrocyte by means of purine ribosides has considerable specificity. One may speculate that an effective purine riboside must have a specific structure which enables it to permeate or to be bound to the cell membrane in such fashion that the deaminase or nucleoside phosphorylase can readily react with it. Once the ribose has been cleaved phosphorolytically from the purine, the purine, in large part and perhaps wholly, is released to the environment of the cell (23, 26) .
The subsequent metabolism of the ribose phosphate to lactic acid requires that at least a major portion of the hexose-monophosphate shunt and the Embden-Meyerhof pathway be intact. To determine whether the mechanisms involved in the protective effects of the purine ribosides may decline with aging of the erythrocyte, as do some enzymatic activities (27) , the relationship of the age of the erythrocyte in viva and on in vitro storage to the effects of purine ribosides on osmotic resistance has been investigated (28) . The results of these studies indicate that the enhancement of osmotic resistance by inosine is greater in young than in old erythrocytes of the rabbit which have aged in vivo. They show also that human erythrocytes, stored in acid-citrate-dextrose solution at 4°C., have an increased osmotic resistance after incubation with inosine. This effect, however, declines progressively with prolonged storage.
The effectiveness of the purine ribosides in enhancing osmotic resistance of fresh erythrocytes as well as in prolonging survival of stored erythrocytes suggests that this system for the study of osmotic lysis may provide a useful technique for screening agents which may be effective in the preservation of blood.
It is tempting to speculate on the mechanisms by which the purine ribosides enhance osmotic resistance. It is known that the purine ribosides can promote the production of organic phosphate esters (4, 21, 24) , the retention of potassium (29) , and the extrusion of sodium (30) in human erythrocytes. Enhanced osmotic resistance may reflect changes in the hydration of the erythrocyte which may result from these changes in organic phosphates and in electrolytes. Additional work is required, however, to determine whether the enhanced osmotic resistance may be associated with an active transport of water or with primary changes in the permeability of the erythrocyte membrane which are reflected in the movements of the electrolytes.
SUMMARY AND CONCLUSIONS
The resistance of fresh, normal human erythrocytes to osmotic lysis can be enhanced by incubation with the purine ribosides, adenosine, guanosine, inosine, 2,6-diaminopurine riboside, or xanthosine in an isotonic sodium phosphate buffer at pH 7.3 to 7.4. This effect was also observed, but to a much lesser extent, on incubation of erythrocytes with glucose or ribose-5-phosphate.
It is suggested that the metabolism of purine ribosides in vitro provides energy which may be utilized in maintenance of the structural integrity of the erythrocyte subjected to osmotic stress.
